Studies of sex effects on neurodevelopment have traditionally focused on animal models investigating hormonal influences on brain anatomy. However, more recent evidence suggests that sex chromosomes may also have direct upstream effects that act independently of hormones. Sex chromosome aneuploidies provide ideal models to examine this framework in humans, including Turner syndrome (TS), where females are missing one X-chromosome (45X), and Klinefelter syndrome (KS), where males have an additional X-chromosome (47XXY). As these disorders essentially represent copy number variants of the sex chromosomes, investigation of brain structure across these disorders allows us to determine whether sex chromosome gene dosage effects exist. We used voxel-based morphometry to investigate this hypothesis in a large sample of children in early puberty, to compare regional gray matter volumes among individuals with one (45X), two (typically developing 46XX females and 46XY males), and three (47XXY) sex chromosomes. Between-group contrasts of TS and KS groups relative to respective sex-matched controls demonstrated highly convergent patterns of volumetric differences with the presence of an additional sex chromosome being associated with relatively decreased parieto-occipital gray matter volume and relatively increased temporo-insular gray matter volumes. Furthermore, z-score map comparisons between TS and KS cohorts also suggested that this effect occurs in a linear dose-dependent fashion. We infer that sex chromosome gene expression directly influences brain structure in children during early stages of puberty, extending our understanding of genotype-phenotype mechanisms underlying sex differences in the brain.
Introduction
Sex differences in physiological and pathophysiological domains have been reported extensively in the literature (Wilson et al., 1981; Mendelsohn and Karas, 2005; Siegel et al., 2010) . While controversial, differences have also been identified in socioemotional and cognitive abilities, including aggression (Archer, 2004) , visuospatial ability (Voyer et al., 1995; Rilea et al., 2004) , and verbal fluency (Halpern, 1992) . Although socio-cultural influences certainly play an integral role, there is also evidence that underlying neurobiological mechanisms may drive these differences, including findings that parietal regions associated with visuospatial cognition differ between males and females, as do other anatomical structures related to emotion processing, such as the amygdala, hippocampus, and orbitofrontal cortex (Gur et al., 2002; Neufang et al., 2009; Weickert et al., 2009; Hänggi et al., 2010) . Furthermore, previous literature suggests that sex differences in brain development may differentially impact cognitive ability. This includes findings that global and spatial performance correlate with segmented gray and white matter volumes in both sexes, though verbal performance is correlated with cranial volume only in females (Gur et al., 1999) . Improved understanding of sex-related variation in neuroanatomy is critical, as it may also provide insight into clinically significant sex differences in childhood neuropsychiatric disorders (Yoshimasu et al., 2010; Manning et al., 2011) .
Sex chromosome aneuploidies such as Turner syndrome (TS) and Klinefelter syndrome (KS) represent compelling models in which to investigate these complex relationships, as they essentially represent copy number variants of the X-chromosome. TS occurs exclusively in females and results from the loss of one X-chromosome (45X), while KS affects males and results from an additional X-chromosome (47XXY). Both are common disorders (TS: 1/2500; KS: 1/1000) and are associated with character-istic phenotypes that broadly impact endocrinological and other physiological domains (Baena et al., 2004; Lanfranco et al., 2004) . In addition, TS and KS have each been associated with distinct cognitive-behavioral profiles. While overall intelligence is generally average in both disorders, females with TS often demonstrate intact verbal skills and impairments in visuospatial skills, executive functions, and social cognition ), in contrast to males with KS who often have difficulties with executive function and language, while visuospatial skills are relatively preserved (Boada et al., 2009) . Neurobiological underpinnings for these differences have begun to emerge in independent studies, including findings of aberrant cortical gray matter volume in parieto-occipital, orbitofrontal, and superior temporal regions in TS compared with female controls (Molko et al., 2004; Marzelli et al., 2011) , and gray matter reductions in frontal and temporal regions in KS compared with male controls Bryant et al., 2011) . These qualitative comparisons suggest a distinct signature of sex chromosome and hormone effects on brain development occurring in a complementary/contrasting pattern relative to X-chromosome dosage.
Interestingly, there has been no comparison of brain structure between TS and KS, particularly in children. Investigating this issue would elucidate dosage effects of the X-chromosome on sex differences in brain structure and cognitive-behavioral function during early pubertal development, a relatively quiescent period of sex hormone influence. We used voxel-based morphometry (VBM) to directly compare neuroanatomy in early pubertal girls with TS and boys with KS relative to typically developing (TD) female and male controls. Our goal was to elucidate the impact of X-chromosome dosage effects on brain structure in TS and KS and provide further elaboration of the contribution of sex chromosome gene products to sex-specific cortical development.
Materials and Methods
Participants. A total of 129 participants were included in this study, ranging in age from 6 to 12 years. Subjects were recruited and scanned at two academic centers: at Stanford University (SU) 42 early pubertal girls with TS (9.6 Ϯ 1.6) were referred from pediatric endocrinologists, the national Turner Syndrome Society network, and the Center for Interdisciplinary Brain Sciences Research website and 30 TD age-matched female controls (9.1 Ϯ 1.9) were recruited through local parent organizations, advertisements, and female siblings of TS participants (four sister-pairs comprised of one sister with TS and one TD sister). At Thomas Jefferson University (TJU), 31 males with KS (9.4 Ϯ 2.0) were self-referred or referred from pediatric endocrinologists, and 26 age-matched TD male controls (10.6 Ϯ 1.6) were recruited using Internet notices and referrals from other participating families. Subjects at each site were part of larger, unrelated studies on TS and KS, respectively, and independent studies of these populations have been reported previously (Bryant et al., 2011; Marzelli et al., 2011) .
All TS (45X) and KS (47XXY) diagnoses were confirmed by standard karyotype and participants were only included in the study if karyotype results (Ն20 cells) were completely non-mosaic. None of the TS and KS participants had initiated systemic hormone replacement therapy (estrogen for TS and testosterone for KS; one TS subject used topical estrogen cream for labial lesions). Thirty-six subjects with TS were treated with growth hormone. All TD participants were in good overall medical health. None of the participants reported any previous or current neurological or psychiatric diagnoses, or were taking psychotropic medication at the time of assessment. Furthermore, all participants were screened at time of entry into the study for pubertal status: female subjects with Tanner scores 1 or 2 for female breast and pubic hair development were included, as were any male subjects with testicular volume Ͼ4 ml, a threshold falling between male Tanner stages 1 and 2. Males with KS were also assessed on height and weight, given their increased risk for obesity and metabolic syndrome. BMI-for-age percentiles were calculated for both male cohorts using a standard BMI calculator (http://apps.nccd. cdc.gov/dnpabmi). Informed consent and assent were obtained from all parents and participants, and study protocols were approved by the Stanford University School of Medicine and Thomas Jefferson University Institutional Review Boards.
Cognitive and psychological assessments. At the SU site, the Wechsler Intelligence Scale for Children Fourth Edition (WISC-IV) was administered, providing a total Full-scale IQ (FSIQ) and index scores for Verbal Comprehension (VCI), Perceptual Reasoning (PRI), Working Memory Index (WMI), and Processing Speed (PSI). At the TJU site, the Differential Ability Scales were used, providing index scores of General Conceptual Ability (GCA), Verbal Ability, Nonverbal Reasoning, and Spatial Ability. Both tests measure intellectual ability and are normed to a mean of 100 with an SD of 15. Direct comparisons of previous versions of these assessments (WISC-III and the DAS) have demonstrated significant correlations between constructs of general intelligence (FSIQ in the WISC-IV and the General Conceptual Ability score for the DAS-II) and verbal ability (VCI and Verbal Ability score, respectively) and only moderate correlations in nonverbal ability domain scores (Dumont et al., 1996) . For comparable indices between assessments, such as FSIQ/GCA and VIQ/Verbal Ability, between-group differences were tested using ANOVA, with post hoc pairwise comparisons conducted using Tukey's HSD test, p values Ͻ.05 were considered significant. For the remaining subscales, differences between TS and TD females, and between KS and TD males, were analyzed with independent t tests, with a significance threshold of p Ͻ 0.05. Analyses of BMI-for-age percentiles found that neither male cohort fell within the "overweight" category (KS mean BMI% ϭ 56.02%, TD males mean BMI% ϭ 63.11), nor were mean BMI measures significantly different between groups ( p ϭ 0.30).
Magnetic resonance imaging data acquisition. At SU, magnetic resonance imaging (MRI) was performed in the Lucas Center for Imaging at Stanford University using a 3.0 T GE Signa whole-body scanner (GE Healthcare Systems) with a standard head coil. High-resolution anatomical brain images using a T1-weighted fast spoiled gradient echo pulse sequence were acquired (124 coronal slices, 1.5 mm thickness, TR ϭ 6.40 ms, TE ϭ 2.10 ms, TI ϭ 300 ms, flip angle ϭ 15°, 0.86 ϫ 0.86 ϫ 1.5 mm 3 ). At TJU, MRI scanning was performed on a Philips 3.0 T Achieva whole-body scanner (Philips Medical Systems) using an eight-channel SENSE head coil. Images were obtained using a high-resolution, T1-weighted fast gradient echo sequence (160 slices, 1.0 mm thickness, TR ϭ 25 ms, TE ϭ 2.3 ms, flip angle ϭ 30°, voxel size ϭ 0.96 ϫ 0.96 ϫ 1 mm 3 ). MRI data analysis. All images were converted to NIFTI format and manually aligned to the AC-PC axis, followed by visual inspection for significant motion artifacts. Using the New Segment utility as implemented in SPM8 (www.fil.ion.ucl.ac.uk/spm/software/spm8/), images were then bias corrected and segmented with default tissue probability maps for gray matter (GM), white matter (WM), and CSF. This pipeline also performs integrated spatial normalization and modulation of images, with nonlinear regularization using a standard ICBM template. The resulting modulated, warped images for each tissue class were then spatially smoothed using a standard Gaussian full-width at half-maximum kernel of 8 mm, and a threshold mask was applied to exclude background voxels. Global brain volume differences between groups were analyzed using an ANCOVA with age as a covariate, with a statistical threshold of p Ͻ 0.05 being considered significant. In the first stage of the analysis, a full factorial model was used to test our a priori hypothesis that X-chromosome complement influences brain volume by creating a oneway ANOVA with group as the between-subject factor and age, total GM volume and FSIQ as covariates, centered around the group mean. Specific differences between groups were assessed using t tests on a voxel-byvoxel basis, and results were considered significant at a cluster threshold of p Ͻ 0.05 FWE-corrected, voxel-height p Ͻ 0.001 uncorrected. To clarify overlapping X-chromosome dosage effects, we conducted a conjunction analysis using statistical images in the between-group contrasts (Nichols et al., 2005) to assess the intersection of volumetric differences associated with a relative decrease (X Ͼ XX and XY Ͼ XXY) or a relative increase in X-chromosome dosage (XX Ͼ X and XXY Ͼ XY). Again, clusters were considered significant at p Ͻ 0.05 FWE-corrected, voxelheight p Ͻ 0.001 uncorrected.
Given that subjects' group membership was completely collinear with scan site as TS and TD females were scanned at SU, while KS and TD males were scanned at TJU, direct comparisons between these groups were not feasible. Therefore, we calculated individual z-score maps for each TS and KS subject, such that a z-score was calculated by subtracting the value at each voxel against the mean voxel value of the respective control group (TD females for TS and TD males for XY) and dividing by the mean control sample deviation. Calculating z-score maps in the TS group isolates variation in cortical volume specifically related to absence of X-chromosome genes. Similarly, z-scores for XXY against the XY sample mean generally quantifies volumetric differences resulting from additional X-chromosome gene expression, while putatively canceling out the effect of the Y-chromosome shared across KS and male TD controls. Individual z-score maps were then used in a voxelwise whole-brain analysis examining GM differences between TS and KS cohorts using two-sample t tests, with age, FSIQ, and TGMV entered as covariates, centered around the overall group mean. Clusters were considered significant at a voxel height of p Ͻ 0.001 uncorrected and a cluster threshold of p Ͻ 0.05 FWE-corrected. Nonstationary cluster extent correction was used for all analyses, as implemented in the VBM5.1 toolbox (dbm.neuro.uni-jena.de/vbm/).
Results

Demographic and cognitive data
Groups differed with regard to age (group factor: F ϭ 3.54, p ϭ 0.017 with post hoc pairwise comparisons using Tukey's HSD showing that the TD male group was older than the TS group ( p ϭ 0.009). Overall intellectual abilities also differed between groups for total score (comprised of FSIQ/GCA; F ϭ 32.61, p Ͻ 0.001), post hoc Tukey's HSD comparisons demonstrated no differences between KS and TS groups, while both groups had lower scores than both TD groups. There were no differences in FSIQ between TD females and males. For verbal ability (comprised of VIQ/Verbal Ability; F ϭ 26.24, p Ͻ 0.001) the KS group had lower scores than all the other groups (all p Ͻ 0.001) and the TS group had lower scores than the TD female group ( p Ͻ 0.001), but did not differ significantly from the TD male group, and there were no significant differences between TD females and males. T tests demonstrated that the TS cohort performed significantly lower than TD females on the PRI ( p Ͻ 0.001), Working Memory Index (WMI; p Ͻ 0.001), and PSI ( p Ͻ 0.001), and the KS group performed lower than TD males on Nonverbal Reasoning ( p Ͻ 0.001) and Spatial Ability ( p Ͻ 0.001). Demographic and cognitive scores are summarized in Table 1 .
Whole-brain VBM analyses
ANCOVAs of uncorrected total raw volumes corrected for age demonstrated significant between-group differences on measures of TGMV (F ϭ 5.69, p ϭ 0.001) and TWMV (F ϭ 11.80, p Ͻ 0.001), but not on total CSF ( p ϭ 0.310). Post hoc comparisons showed that both TS and TD females had reduced TGMV compared with TD males, and reduced TWMV compared with both KS and TD males (Table 1) .
Between-group t test comparisons
Whole-brain pairwise comparisons controlling for age, FSIQ, and TGMV were also conducted to examine differences between groups.
TS versus TD females
Girls with TS demonstrated increased GMV in bilateral cerebellum, large bilateral clusters encompassing amygdala-hippocampal complexes, and adjacent parahippocampal gyri, and extending superiorly into bilateral insula and superior temporal gyri, with left GMV differences relatively greater than right. Increased GMV was also found in bilateral superior frontal regions in dorsomedial prefrontal cortex and the left frontal superior orbital gyrus. In contrast, the TD girls demonstrated increased GMV bilaterally in a large region encompassing bilateral precuneus, superior and inferior parietal regions, and extending anteriorly into bilateral postcentral gyri. Clusters were also present in bilateral calcarine regions and the left lingual gyrus (Table 2, Fig. 1 ).
KS versus TD males
GM comparisons showed that the KS group had increased GMV in bilateral clusters encompassing postcentral and precentral gyri, as well as a large midline cluster encompassing bilateral cuneus and precuneus. Additionally, there was a small cluster in the right inferior parietal lobule, approximating the angular gyrus and in the left middle frontal gyrus. TD males demonstrated increased GMV in bilateral amygdala-hippocampal regions with small extensions into the parahippocampal gyri, as well as large clusters in bilateral insula, a small cluster encompassing a region around the hypothalamus, and a small cluster spanning the midline bilateral supplementary motor area (Table 2 , Fig. 1 ).
Conjunction analyses
Analyses were calculated to assess the overlap in brain regions that varied with respect to relative X-chromosome dosage. Conjunctional comparison using between-group contrasts of TS Ͼ XX and XY Ͼ XXY demonstrated significantly increased GMV in bilateral amygdala-hippocampal complexes, extending to the parahippocampus on the right, as well as clusters in bilateral insula (left Ͼ right). Conjunction analysis assessing overlap be- tween XX Ͼ TS and XXY Ͼ XY contrasts showed small clusters in the bilateral cuneus, right precuneus, and right angular gyrus, as well as bilateral postcentral gyri (left Ͼ right).
Z-score comparisons between TS and KS groups
Regional GM comparisons controlling for age, FSIQ, and TGMV, demonstrated that girls with TS had significantly greater GMV relative to KS bilaterally in the cerebellum, middle occipital gyri, posterior cingulate, fusiform, superior temporal gyri, insula, hippocampi extending to amygdalae, caudate, and superior and middle frontal gyri. The KS group demonstrated increased GMV relative to the TS group in a large bilateral cluster encompassing cuneus, precuneus, superior and inferior parietal, postcentral and precentral regions, as well as a small cluster in the right middle occipital gyrus (Table 2, Fig. 2 ).
Discussion
Extant studies to date indicate that X-chromosome aneuploidy results in characteristic cognitive-behavioral and neuroanatomical features. Here, we present the first study to directly examine the effects of X-chromosome dosage on brain structure in early pubertal children, through the inclusion of cohorts with a deficient (TS) or supplementary (KS) complement of X-chromosomes. Using voxelwise comparisons, we demonstrate significant differences in regional brain volumes, including relative GM increases in temporal regions associated with having one X-chromosome, contrasting with relative increases in parietooccipital regions associated with having two X-chromosomes.
Previous studies have separately examined regional volume differences in TS and KS (Patwardhan et al., 2000; Kesler et al., 2004; Molko et al., 2004; Giedd et al., 2007) , including earlier independent findings on these cohorts from our group (Bryant et al., 2011; Marzelli et al., 2011) . Not surprisingly, our findings are highly consistent with these studies and provide further evidence for neuroanatomical correlates of an X-chromosome gene dosage effect. This includes consistent evidence that an additional X-chromosome is associated with increased GMV in precentral, postcentral, and posterior parieto-occipital regions, while lack of an X-chromosome is associated with increased GMV in the insula and superior temporal gyrus (STG). The anatomical localization of these findings is also expected, given the specific cognitivebehavioral domains that are typically affected in these disorders. For example, parieto-occipital GMV is correlated with visuospatial ability (Sack et al., 2007) and volumetric decreases in this region have been linked to impaired visuospatial skills in TS (Bray et al., 2013) , while both this region and associated cognitive ability are relatively preserved in individuals with KS creased in TS (Temple and Carney, 1996; Rae et al., 2004) . In support of this hypothesis, our cognitive-behavioral data also demonstrate that males in the KS group lag behind all other cohorts in verbal abilities, including the TS group. Together, the consistency of these differences suggests that these neuroanatomical and cognitive findings may not be disorder specific per se, but may arise from shared underlying mechanisms acting in a dose-dependent fashion. Previous literature has delineated several frameworks for understanding sex influences on neuroanatomy and behavior (McCarthy and Arnold, 2011; Ngun et al., 2011) . The majority of attention has focused on "masculinizing" effects of gonadal sex hormones on brain structure, primarily during prenatal and adolescent periods (Berenbaum and Beltz, 2011; . It would be compelling to attribute our findings to this hypothesis given that girls with TS have significantly decreased sex hormone production due to premature ovarian failure occurring as early as the 15th week of gestation (Modi et al., 2003) , a critical time period in the organization of neural structures. In contrast, the hormone status of boys with KS is less clear-while it Figure 1 . Between-group comparisons for TS and KS cohorts relative to respective sex-matched controls, demonstrating GMV differences associated with X-chromosome complement. a, GMV differences between TS and TD females: blue, TS females Ͼ TD females; yellow, TD females Ͼ TS females. b, GMV differences between KS and TD males: blue, KS males Ͼ TD males; yellow, TD males Ͼ KS males. c, Conjunction analyses demonstrating intersection between contrasts illustrated in a and b: blue, overlap between TS Ͼ TD females and TD males Ͼ KS males contrasts; yellow, overlap in clusters between TD females Ͼ TS and KS males Ͼ TD males contrasts. For all analyses, clusters are considered significant at p Ͻ 0.05 FWE, voxel-height p Ͻ 0.001, and include TGMV, age, and FSIQ as covariates. Figure 2 . T test comparison between TS and KS groups using z-score maps relative to respective sex-matched controls. Increased GMV noted for the TS group in frontotemporal regions (blue, TS females Ͼ KS males) and for the KS group in parietal regions (yellow, KS males Ͼ TS females). Clusters are considered significant at p Ͻ 0.05 FWE, voxel-height p Ͻ 0.001. Covariates include total GMV, age, and FSIQ.
has been suggested that they have physiologically normal levels of sex steroids until the onset of puberty (Wikström et al., 2006) , it is possible they have earlier signs of testosterone deficiency that are not detectable with sensitivity of current assays . Furthermore, recent studies indicate that sex hormone levels vary considerably even between TD girls and boys in the prepubertal period, with females having higher levels of estrogen and androgens compared with males (Courant et al., 2010) . This phenomenon likely arises from adrenal androgen production, which typically increases before the onset of gonadal puberty and starts at a younger age in females relative to males. Notably, girls with TS have been shown to demonstrate earlier onset of adrenarche (Martin et al., 2004) , in contrast to boys with KS where aberrant adrenarchal trajectories have not been identified. However, the possible modulatory role of adrenal androgens on prenatal sex chromosome and gonadal hormone effects should also be considered, particularly as adrenal androgen levels have been correlated with dynamic changes in cortical thickness of the cingulate cortex and occipital pole even in prepubertal stages (Nguyen et al., 2013) . Together, these factors present a complex scenario where TD girls have slightly higher levels of estrogen and testosterone relative to boys with KS and TD males, and girls with TS likely have substantially lower levels of sex steroids overall. While sex hormone differences may explain part of the variation in neuroanatomy between groups, this line of reasoning is insufficient to explain why the TS cohort who are putatively sex hormone-deficient relative to control females and the KS cohort who presumably have equivalent or slightly decreased sex hormone levels relative to male peers show opposing directions of brain volume differences. Instead, our results are consistent with a growing literature demonstrating that upstream genetic effects of sex chromosomes act independently of downstream hormonal factors to result in sex differences (Davies and Wilkinson, 2006; McCarthy and Arnold, 2011) .
In fact, aberrant patterns of gene expression from the pseudoautosomal regions (PARs) of the sex chromosomes may explain this dose-dependent effect on neurodevelopment. As opposed to other X-chromosome genes that are silenced by X-inactivation in TD females, genes in the PAR have homologs on both X-and Y-chromosomes. Therefore, expression of genes in this region would be expected to be haploinsufficient in TS and overexpressed in KS. Findings on other physiological aspects of TS and KS also support this hypothesis, including evidence that increased copy numbers of the SHOX gene in PAR1 have been directly correlated to height (Rao et al., 1997) . Girls with TS are putatively haplosufficient in SHOX gene expression due to the absence of an X-chromosome and are typically short statured, whereas boys with KS (who have three copies of the SHOX gene) are generally taller than male peers. Though the genetic basis for the neurocognitive phenotype in TS and KS has yet to be identified, several studies have isolated regions on the PAR1 of the X-chromosome where dysregulated gene expression profiles may impact cognition and neuroanatomy in a similar fashion. For example, Ross et al. (2000) found that that deletions distal to Xp22.3 correlate with visuospatial deficits in TS, while overexpression of other genes in the same region is associated with verbal deficits in KS (Vawter et al., 2007) . Remarkably, our data demonstrate that neuroanatomical regions associated with these cognitive domains show a similar relationship, in which an increased number of sex chromosomes (XX Ͼ TS and KS Ͼ XY) correlates with increases in GMV in the parieto-occipital regions, and relative decreases in the temporo-insular region. The highly convergent anatomical overlap strongly supports a dose-dependent framework for sex chromosome effects, especially when considering that these results are derived from independent samples. Furthermore, findings in these two regions using z-score maps suggest that sex chromosome effects in these regions are not only dose dependent, but additive, as regional differences between cohorts with one versus three sex chromosomes are even more pronounced than comparisons between cohorts with one versus two sex chromosomes. This also suggests that effects may not be specific to the X-chromosome per se, but are the result of overall sex chromosome dosage, which would be consistent with previous studies of sex chromosome aneuploidies in adults (Lentini et al., 2013) .
While the findings presented here appear consistent with a pattern associated with sex chromosome complement, it is important to keep in mind that other factors, including epigenetic and hormonal effects, interact with genetic mechanisms to influence the anatomy and function of specific brain regions. For example, we found that global GMV and WMV were larger in both male cohorts overall. While these differences may be affected by dissimilar scanners at the two sites, they are also consistent with previous literature showing that male brains are consistently larger than female brains (Goldstein et al., 2001; . A possible interpretation may be that global brain volumes are driven by genetic influences of the Y-chromosome or male-specific prenatal exposure to testosterone and therefore would only impact the KS and TD male cohorts, while variation in regional volumes may, at least in part, be driven by differential gene expression patterns from the X-chromosome. Another important factor to consider is the potential effect of activational changes induced by hormone surges during adrenarche and puberty. While our findings suggest the existence of stable gene dosage effects presumably established during the prenatal period, it is also likely that developmental changes driven by adrenal androgens in late childhood and by gonadal hormones during adolescence may further amplify or decrease regional between-group differences resulting from sex chromosome dosage effects. In fact, we attempted to investigate this issue further by conducting an exploratory analysis stratifying individuals into a young cohort (age Յ 9 years) and an old cohort (age Ն 10 years). Results show more extensive volumetric differences in the younger cohort for the TS Ͼ KS contrast, encompassing the cingulate cortex and superior frontal regions, suggesting the presence of developmental differences even between early and late childhood. It is feasible that these age-related changes may in fact correspond to the onset of adrenarche in this age range, an issue that should be studied with larger sample sizes and in greater detail in the sex chromosome aneuploidy population. This premise may also partly explain some of the differences noted in our results in young children relative to studies involving adult subjects where sex chromosome effects localize to the precentral gyrus (Lentini et al., 2013) . Indeed, the influence of sex hormones on brain structures during puberty has been well documented in typical development (Peper et al., 2009; Bramen et al., 2012) , but not in the sex chromosome aneuploidy literature, underscoring the importance of further research in this area. While we limited inclusion of our study to children in Tanner stages 1 or 2 for both sexes, greater discrimination of pubertal status in future studies may elucidate fine-grained developmental changes occurring even at early stages of puberty.
It is also important to note that the results from our study are potentially confounded by differences in assessment and scanning protocols at each site. Specifically, the two sites used different cognitive tests, thresholds for pubertal status, and scanner equipment to assess between-group differences. While our findings are consistent with previous literature examining such between-group differences and are in line with our a priori hypothesis-driven predictions, future studies using identical assessment and scanning protocols across all cohorts should be conducted to avoid these confounds. Another important point to consider for the TS cohort in our study is the possible confound of growth hormone influence. As short stature is a core feature of the TS phenotype, growth hormone supplementation is frequently indicated for girls with this condition. The impact of growth hormone on brain development has yet to be fully elucidated and further investigation of this issue is needed in prospective studies both in TS and typical development. In fact, future work in general is needed to more clearly dissect the complex interaction of X-and Y-chromosome complement and sex hormone status on neurodevelopment, particularly during the dynamic period of adolescence. Indeed, a better understanding of sex chromosome dosage effects may provide critical insights into neural processes underlying neuropsychiatric disorders of childhood, many of which have significant sex differences in onset and symptomatology, including attention-deficit hyperactivity disorder (ADHD), autism, and learning disorders (Barbaresi et al., 2005; Bauermeister et al., 2007; Yoshimasu et al., 2010; BaronCohen et al., 2011) . In fact, both girls with TS and boys with KS have increased problems with inattention and a higher prevalence of ADHD (Mazzocco, 2006; Russell et al., 2006; Bruining et al., 2009; , and 79% of girls with TS meet diagnostic criteria for Mathematics Learning Disorder (Murphy et al., 2006) while 50 -75% of boys with KS demonstrate a reading disability (Bender et al., 1986; Graham et al., 1988) , suggesting a shared pathophysiological link between sex chromosome aneuploidy and childhood psychiatric disorders with distinct sex differences.
In the present study, we demonstrate significant differences in brain structure between individuals with TS and KS, and begin to elucidate a neuroanatomical profile related to sex chromosome complement. In a larger scope, these findings suggest that sex chromosome gene expression may influence neurodevelopment in a dose-dependent fashion, with contrasting effects on neuroanatomy and cognition as revealed in TS and KS. Further studies are needed in this critical area of research to further disentangle the interactions of sex chromosomes and hormones on neurodevelopment. Prospective studies examining longitudinal trajectories of sex hormone and chromosome influences across dynamic periods of brain development and gene expression analyses of the X-chromosome may provide further insight into the genotypephenotype relationships that are observed here.
Notes
Supplemental material for this article is available at http://cibsr.stanford. edu/news/publications_supplemental_influencex.html. An exploratory analysis was conducted with cohorts stratified by age. This material has not been peer reviewed.
